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The wavefunction of massless Dirac fermions is a two-component spinor. In 
graphene, a one-atom-thick film showing two-dimensional Dirac-like electronic 
excitations, the two-component representation reflects the amplitude of the 
electron wavefunction on the A and B sublattices. This unique property provides 
unprecedented opportunities to image the two components of massless Dirac 
fermions spatially. Here we report atomic resolution imaging of the 
two-component Dirac-Landau levels in a gapped graphene monolayer by 
scanning tunnelling microscopy and spectroscopy. A gap of about 20 meV, driven 
by inversion symmetry breaking by the substrate potential, is observed in the 
graphene on both SiC and graphite substrates. Such a gap splits the n = 0 
Landau level (LL) into two levels, 0+ and 0-. We demonstrate that the amplitude 
of the wavefunction of the 0- LL is mainly at the A sites and that of the 0+ LL is 
mainly at the B sites of graphene, characterizing the internal structure of the 
spinor of the n = 0 LL. This provides direct evidence of the two-component 
nature of massless Dirac fermions.   
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   Because of the bipartite honeycomb lattice1-3, which has two distinct sublattices 
(denoted by A and B), the wavefunctions describing the low-energy excitations near 
the Dirac points, commonly called K and K′, in graphene monolayer are 
two-component spinors. The Dirac spinors of the two cones in graphene have the 
form as: 
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 is defined as the angle of wave vector ( )yτ,xτ,τ q,q≡q  in 
momentum space. The two-component representation, which resembles that of a spin 
in a mathematically way1-4, corresponds to the projection of the electron wavefunction 
on the A and B sublattices.  
A site energy difference 2∆ between the sublattices, generated by substrates, could 
break the inversion symmetry of graphene and lift energy degeneracy of the A and B 
sublattices5,6, as shown in Fig. 1a. This effect generates a gap ∆E = 2∆ at the Dirac 
points, which was previously observed for graphene monolayer on top of SiC7, 
graphite8-11, and hexagonal boron nitride12,13. The gap, usually ranging from 10 meV 
to several tens meV, can result in a valley contrasting Hall transport in graphene5,13. In 
the quantum Hall regime, the broken symmetry of the graphene sublattices shifts the 
energies of the n = 0 LL in the K and K′ valleys in opposite directions and, therefore, 
splits the n = 0 LL into the 0- and 0+ LLs (here λ  = +, - denote the K and K′ valleys 
respectively)8-11, as schematically shown in Fig. 1c. Generally, the wavefunctions of 
the LLs in graphene are given by2,14,15  
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and  22 /B Fev Bω =   with vF the Fermi velocity and B the magnetic field (here φn is 
the usual Landau-level wavefunction). For n = 0, only the second components of the 
spinors are nonzero and we have 0
0
0
K
φ
 
=  
 
 and 0
0
0'K
φ
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. It indicates that we 
can detect the 0+ LL, i.e., the spinor 0K , only at B sites and detect the 0- LL, i.e., 
the spinor 0
'K , only at A sites. With the help of high energy and spatial resolution of 
scanning tunneling microscopy (STM) and spectroscopy (STS), it is therefore 
possible to image the two components of the spinors in atomic resolution. 
Figure 2a shows a representative STM image of a graphene multilayer grown on 
SiC substrate16-19. An intensity imbalance between the A and B sublattices, as shown 
in the atomic image of Fig. 2b, indicates the inversion symmetry breaking by the 
substrate potential7-11. Our STS, as shown in Fig. 2c, and Raman measurements (see 
Supplementary Fig. S1) show decoupling behavior of the topmost graphene 
monolayer and the supporting substrate, which is in agreement with earlier 
transport17,20 and spectroscopy measurements7,21,22. The spectrum recorded in the 
magnetic field of 8 T exhibits Landau quantization of massless Dirac fermions, as 
expected to be observed in a graphene monolayer7-11,23, and the Fermi velocity is 
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estimated to be vF = (0.73 ± 0.03) × 106 m/s. A notable feature of the tunneling spectra 
recorded at 8 T is the splitting of the n = 0 peak and its sensitive dependency on the 
recorded positions, as shown in Fig. 2c. The split of the n = 0 peak, ~ 20 mV, is 
attributed to a gap caused by the inversion symmetry breaking by the substrate 
potential8-11. The tunneling spectrum gives direct access to the local density of states 
(DOS) of the surface. Therefore, the spectra recorded at different positions, as shown 
in Fig. 2c, indicate that the 0+ LL at about 45 mV is significant only at B sites and the 
0- LL at about 65 mV is pronounced only at A sites. Such a feature, which has not 
been explored experimentally before, reminds us characteristics of the internal 
structure of the two-component spinors of the 0- and 0+ LLs 2,14. We will demonstrate 
below that the splitting of the n = 0 LL is a direct consequence of its two-component 
nature.  
Figure 3a and 3b show conductance maps at 8 T at the bias voltages of the 0- and 0+ 
LLs, respectively. The maps reflect spatial distribution of the local DOS at the bias 
voltages. Both the maps exhibit triangular lattice, indicating pronounced asymmetry 
of the 0+ and 0- LLs on the sublattices. However, there is a very important difference 
between the two maps. The bright spots in the conductance map of the 0+ LL 
correspond to the dark spots of the triangular lattice, i.e., the B sites, in the STM 
image, whereas, the bright spots in the map of the 0- LL correspond to the bright spots 
of the triangular lattice, i.e., the A sites, in the STM image (Similar conductance maps 
are also observed in a gapped graphene sheet on graphite surface, see Supplementary 
Fig. S2). At a fixed energy, the local DOS at position r is determined by the 
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wavefunctions according to 2( )  | ( ) |r rr ψ∝ . Therefore, the maps in Fig. 3a and 3b 
reflect atomic resolution images of the two-component Dirac-Landau levels. 
Theoretically, the spinor of the 0+ (0-) LL only has non-zero component at B (A) sites, 
which is qualitatively consistent with the observed large asymmetry of the 0+ and 0- 
LLs on the sublattices.  
At n = 0 LL, the broken inversion symmetry lifts the degeneracies of both the 
sublattices and the valleys, as shown in Fig. 1c. At n ≠ 0, the K and K′ valleys are 
doubly degenerate in energy, whereas there is still a difference between the 
amplitudes of the two components in the spinors of the LLs, as described by Eq. (2). 
For n > 0 (n < 0), the amplitude of the A-site (B-site) component of the spinors in both 
the K and K′ valleys is predicted to be slightly larger than that of the B-site (A-site) 
component. Such a feature has also been demonstrated explicitly in our experiment. 
Figure 3c and Fig. 3d show conductance maps at 8 T at the bias voltages of the n = +1 
and n = -1 LLs, respectively. Both the maps exhibit triangular contrasting and, 
obviously, the amplitude of the n = +1 (n = -1) LL on the A (B) sites is stronger than 
that on the B (A) sites (Similar conductance maps are also observed in the gapped 
graphene sheet on graphite surface, see Supplementary Fig. S3). However, the 
asymmetry between the amplitudes of the A-site component and B-site component of 
the spinors for the n = +1 and n = -1 LLs is much weaker than that for the 0+ and 0- 
LLs, as demonstrated in Fig. 3. Such an asymmetry will further decrease with 
increasing the value of |n| according to Eq. (2). Therefore, we obtain almost 
honeycomb contrasting in the conductance map recorded at the bias voltage of 170 
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mV (the value of n at 170 mV is estimated to be 3), as shown in Fig. 4a. Theoretically, 
the value of sin2(an/2)/cos2(an/2), which reflects the asymmetry between the 
amplitudes of the A-site component and B-site component of the spinors, is estimated 
to be about 1.12 for n = 3.    
To further compare our experimental results with the theory, we plot vertical 
line-cuts of the conductance maps of the 0+, 0-, -1, +1, and +3 LLs along A and B 
atoms in Fig. 4b. The theoretical result showing amplitudes of these LLs on the 
sublattices is also shown in Fig. 4c, which reproduces the overall features of our 
experimental results quite well. However, there is still an obvious difference if we 
compare the experimental result with the theoretical one quantitatively. For example, 
the A-site component of the 0+ LL is predicted to be zero, however, we always 
observe a nonzero value at the A-site in the conductance map of the 0+ LL. Such a 
discrepancy is mainly attributed to the overlap of the 0+ and 0- LLs. There is a finite 
linewidth of the 0+ and 0- LLs and they are separated by only 20 mV, as shown in Fig. 
2c. Therefore, when we carry out conductance mapping at the bias voltage of the 0+ 
LL, there is a slightly contribution from the 0- LL, which results in the nonzero value 
at the A-site. A concomitant result of this effect is that there is always a weak peak of 
the 0- LL (or the 0+ LL) when we measure the tunneling spectra at the B-site (or 
A-site), as shown in Fig. 2c.  
The validity of our experimental result is further confirmed by performing similar 
measurements on a graphene monolayer without breaking the inversion symmetry, i.e., 
∆ = 0, on graphite surface. For this zero-gap graphene, we always obtain honeycomb 
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contrasting in the conductance maps recorded at 8 T at different bias voltages, which 
is consistent with the prediction of Eq. (2) by taking the limit ∆ → 0 (see 
Supplementary Fig. S4 for experimental data). Therefore, our experimental result 
demonstrates that the splitting of the n = 0 LL is a direct consequence of its 
two-component nature and we realize atomic resolution imaging of the 
two-component Dirac-Landau levels in gapped graphene sheets on different substrates. 
The ability to tune the amplitude of the two-component of the Dirac spinors may pave 
the way for manipulating spins in other Dirac systems such as topological 
insulators4,24,25.             
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Figure Legends 
Figure 1 | Electronic band structure and Landau quantization in a gapped 
graphene monolayer. a, Schematic diagram of a graphene monolayer with a 
staggered sublattice potential breaking the inversion symmetry. The A-site and B-site 
are denoted by blue and red balls, respectively. b, Energy spectrum of a graphene 
monolayer with broken inversion symmetry. c, Schematic Landau levels and DOS of 
a gapped graphene monolayer in the quantum Hall regime. Peaks in the DOS 
correspond to the Landau Levels nλ (λ = +, - denote the K and K′ valleys).  
 
Figure 2 | STM images and STS spectra of a gapped graphene monolayer. a, A 
STM topography of graphene on SiC (000-1) terrace (Vsample= -600 meV and I = 300 
pA). b, Zoom-in atomic-resolution topography obtained in the black frame in panel a. 
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The honeycomb structure is overlaid onto the STM image. The STM image shows a 
triangular contrast indicating the broken sublattice symmetry. Here we define the 
bright spots as the A-site atoms and the dark spots as the B-site atoms. c, dI/dV spectra 
obtained at different positions, as marked in panel b. The black arrow denotes the 
position of the Dirac point of the topmost graphene sheet in zero magnetic field. In the 
magnetic field of 8 T, the spectra exhibit Landau quantization of massless Dirac 
fermions, as expected in graphene monolayer. LL indices are marked. The n = 0 LL 
splits into two peaks and the intensity of the two peaks depends sensitively on the 
recorded positions. 
 
Figure 3 | Conductance maps of the gapped graphene monolayer at different 
energies. a, The conductance map recorded at the bias voltage of the 0- LL (Vsample = 
65.5 mV). b, The conductance map recorded at the bias voltage of the 0+ LL (Vsample = 
45 meV). c, The conductance map recorded at the bias voltage of the +1 LL (Vsample = 
108 meV). d, The conductance map recorded at the bias voltage of the -1 LL (Vsample = 
-22 meV). The honeycomb structure of graphene and the atomic resolution STM 
image are overlaid onto the maps. The amplitude of the 0- and +1 LLs on the A-site is 
much stronger than that on the B-site, whereas, the amplitude of the 0+ and -1 LLs on 
the B-site is much stronger than that on the A-site. 
 
Figure 4 | Internal structures of different LLs. a, The conductance map recorded at 
the bias voltage of the +3 LL (Vsample = 170 mV). b, Vertical line-cuts of the 
12 
 
conductance maps of the 0+, 0-, -1, +1, and +3 LLs along A and B atoms. The curves 
are offset vertically for clarity and the zero-line for these curves are denoted by 
dashed lines. c, The theoretical result showing amplitudes of these LLs on the A and B 
atoms. The amplitudes of the two components are calculated according to Eq. (2) and 
we use Guassian peaks to reflect the linewidth of the DOS at the A and B atoms. 
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